Senile plaques (SPs) and neurofibrillary tangles (NFTs) are hallmark pathologies accompanying the neurodegeneration involved in Alzheimer's disease (AD), for which ␤-amyloid (A␤) peptide is a major constituent of SPs. Our laboratories previously developed the hydrophobic, fluorescent molecular-imaging probe 2-( 
Alzheimer's disease (AD) is characterized by a progressive loss of cognitive function with ␤-amyloid (A␤) senile plaques (SPs) and neurofibrillary tangles (NFTs) as the pathological hallmarks of the disease (Vickers et al., 2000) . Postmortem neuropathological examinations of the number of SPs and NFTs in the brain provide a definitive diagnosis of the disease (Ball et al., 1997) . However, clinical diagnosis of AD has moderate reliability, and probable and possible AD currently lack sensitivity and specificity, respectively (Knopman et al., 2001) . Early diagnosis of AD requires improvement to maximize the efficacy of potential therapies early in the disease progression and to improve the efficiency of clinical trials of therapeutic drugs. The first step toward early in vivo diagnosis of AD is the development of molecularimaging probes to target SPs and NFTs as markers for AD.
The radiofluorinated molecular-imaging probe 2-(1-{6-[(2-[ 18 F] fluoroethyl)(methyl)amino]-2-naphthyl}ethylidene)malononitrile ([ 18 F]FDDNP) (Scheme 1, 1), which is an analog of the highly hydrophobic, viscosity-sensitive, solvent-sensitive, fluorescent probe 2-{1-[6-(dimethylamino)-2-naphthyl]ethylidene}malo-nonitrile (DDNP) (Jacobson et al., 1996) , has been used previously to label SPs and NFTs in the living brains of AD patients with positron emission tomography (PET) (Barrio et al., 1999) . In addition to several other small molecules that label SPs and NFTs in vitro (Klunk et al., 1995; Dezutter et al., 1999; Skovronsky et al., 2000; Styren et al., 2000) , affinity for SPs and N F Ts has been observed in derivatives that are structurally related to DDNP (Agdeppa et al., 2000) (Selkoe, 1994; Teplow, 1998) . Fibrils of synthetic A␤(1-40) formed in vitro resemble in vivo fibrils structurally (Miyakawa et al., 1986; Kirschner et al., 1987) and in terms of neurotoxic properties (Howlett et al., 1995; Seilheimer et al., 1997) . In this work, we determined the binding constants of FDDNP and FENE to synthetic A␤(1-40) fibrils by fluorescence titration of nonradioactive FDDNP and FENE. Confocal fluorescence microscopy and immunohistochemistry were used to correlate the distribution of radiofluorinated FDDNP and FENE in digital autoradiograms of AD brain specimens.
MATERIALS AND METHODS
Chemicals. For fluorescence titrations, F DDN P and F EN E were purified using preparative HPLC and were 99.9% pure. Solvents of spectroscopic grade or better were obtained from Fisher (T ustin, CA (Barrio et al., 1999) . In brief, the Bucherer reaction of 1-(6-hydroxy-2-naphthyl)ethanone with 2-methylaminoethanol yielded 1-{6-[(2-hydroxyethyl) (methyl)amino]-2-naphthyl}-1-ethanone, which during reaction with p-toluenesulfonic anhydride resulted in the tosylate (Scheme 1, 3). Nucleophilic substitution of the tosyl group in compound 3 by no-carrier-added [
18 F] potassium fluoride/ Kryptofix 222 (Merck, Whitehouse Station, NJ) in acetonitrile yielded 2 after isolation by semipreparative HPLC (Whatman Magnum 9 silica column; Fisher) (50 ϫ 1 cm; dichloromethane; flow rate of 9 ml /min) with a 20-25% radiochemical yield [corrected to end-of-synthesis (EOS)] and high specific activity (2000 -6000 C i /mmol at EOS) in a synthesis time of Ͻ2 hr.
Octanol-aqueous partition determination. The logP (partition) coefficients were measured according to a previously reported procedure (Unger et al., 1978) . Briefly, known logP coefficients of standards were correlated to their log relative retention times with HPLC in a mobile phase of 1-octanol-saturated buffer. The logP thus determined matched the logP values calculated by ACD/ L ogP software (ACD/ I-Lab Service, Toronto, Ontario, C anada).
Confocal fluorescence microscopy. Freshly prepared 5 mM F DDN P and F EN E solutions of ethanol were diluted to 10 M in aqueous 1% ethanol (v/ v). The 10 M probe solutions were used to stain fresh, 8-m-thick, neuropathologically diagnosed human AD brain specimens for 20 min in the absence of light. The stained tissue was quickly rinsed with distilled deionized water, followed by differentiation in a series of ethanol rinses (70%, 90%, and 70%) (Bancroft and Stevens, 1990) , and was finally rinsed with water. Stained cryosections were mounted with Vectashield (Vector Laboratories, Burlingame, CA) on glass slides for viewing on a two photon laser-scanning Leica TC S SP M P inverted confocal microscope (Leica Microsystems, Bannockburn, IL) using 4Ј,6-diamidino-2-phenylindole (DAPI) and FI TC filter sets to observe the fluorescence under the microscope. In addition, a two photon laser was also used at the appropriate excitation wavelength to digitally observe and capture images. Confocal fluorescence images were pseudocolored yellow.
Lipof uscin autofluorescence in some brain specimens was quenched before staining using 10 mM CuCl 2 in 50 mM ammonium acetate buffer, pH 5 (Schnell et al., 1999) . The quenching determined the origin of lipof uscin fluorescence in brain specimens.
A␤(1-40) fibril formation. A␤(1-40) (Biosource, C amarillo, CA) fibrils were prepared according to methods published previously (K lunk et al., 1999) . Briefly, 0.5 mg of A␤(1-40) was dissolved in 1 ml of PBS (Sigma, St. L ouis, MO), pH 7.4, and mixed with a magnetic stir bar for 3 d at 37°C, resulting in a visibly cloudy solution. The production of A␤ fibrils was confirmed by imaging with a Jeol 100C X transmission electron microscope (Jeol, Peabody, M A). Additional tests for fibril formation using Congo Red (K lunk et al., 1999) and Thioflavine T (LeVine, 1993) were also performed. Fibrils were used immediately after their production was confirmed.
Fluorescence titration assays. Fresh solutions of 5 mM F DDN P and F EN E in ethanol were appropriately diluted with PBS, pH 7.4, to obtain a final concentration range of 0.05-90 nM probe in 4 ml of PBS, pH 7.4 (0.25% ethanol), with 40 g of A␤(1-40) fibrils. Fibrils were vortexed with either probe for 30 sec followed by a 15 min incubation before measuring the fluorescence in Spectrocell Far UV quartz cells (Spectrocell, Oreland, PA). E xcitation and fluorescence emission spectra of F DDN P and F EN E were measured on a Spex Fluorolog (Jobin Yvon Horiba, Edison, NJ) with 2 mm excitation and emission monochromator slit-widths and a 6 mm photomultiplier tube slit-width. Fluorescence titrations at 20°C with either probe and A␤(1-40) were performed with an excitation wavelength of 371 nm and a 400 -600 nm scan range for emission wavelengths. All fluorescence titrations were performed in triplicate.
Equilibrium dissociation constants were graphically represented by Scatchard plots. The interactions between a macromolecule with x number of different but independent binding sites for the same small molecule, such as a probe, have been generally correlated quantitatively to the following equation:
where r is the moles of bound probe per moles of total A␤(1-40) peptide, n x is the number of binding sites of class x, K d is the equilibrium dissociation constant, and [Free probe] is the molar concentration of nonbound probe (Freifelder, 1982) (Fig. 1C,D) . The concentration of the free probe was calculated with a modified equation used by Yang et al. (1999) :
where [Free probe] and [Total probe] are the concentration of the free probe and the total concentration of the probe added, respectively. I 0 and I represent the observed fluorescence intensities in the absence and presence of fibrils at the same total concentration of probe, respectively. P corresponds to the ratio of quantum yields for one molecule of bound probe to one molecule of free probe, as determined by the asymptotic value of I in a plot of 1/I versus 1/[Total probe]. Radioactive binding assay to A␤(1-40) fibrils. Fresh, nonradioactive 5 mM F DDN P and F EN E solutions in ethanol were prepared for each radioactive assay. A 0.05-90 nM range of each probe was made by adding an appropriate amount of nonradioactive probe to the radiolabeled derivative in PBS, pH 7.4, to achieve a final ethanol concentration of 0.25% when the fibrils were added. Forty microgram A␤(1-40) fibrils were vortexed and subsequently incubated in a test tube with an aliquot of probe from the range of concentrations above for 15 min before vacuum filtration using type APFF glass fiber filters (0.7 m particle retention; Millipore, Bedford, M A) in a 1225 sampling manifold (Millipore) modified with stainless steel support screens (Millipore) and glass sample chambers. Each filter was then washed twice with 3 ml of PBS, pH 7.4, to minimize nonspecific binding of the probes. All radioactive binding assays were performed in triplicate.
A D brain tissue for dig ital autoradiography. Postmortem-diagnosed definite AD brain tissue and normal control brain tissue were obtained from two males with time to autopsy of Ͻ4 hr. All brain specimens were immediately treated with 10% buffered formalin phosphate (Fisher) for several weeks depending on tissue size. The formalin-treated specimens were subsequently cryoprotected with 20% aqueous sucrose solution for at least 1 month, with the solution being changed every 2 weeks. The cryoprotected AD tissue was subsequently stored at Ϫ80°C before cryosectioning. Cryosections of 100 m thickness from AD and control brains were used for autoradiography and immunostaining. All cryosections were mounted on gelatin-coated glass slides, allowed to air dry, and stored at Ϫ80°C. At 1 day before use with autoradiography, cryosections were thawed, defatted for 40 min in xylene (L oopuijt et al., 1987) , and then washed with ethanol.
Dig ital autoradiography. AD and control cryosections were incubated for 25 min at room temperature with 3. (Bancroft and Stevens, 1990) , and then with water again (30 sec). The tissues were dried on a warm hot plate with a steady stream of cold dry air and exposed to ␤ ϩ -sensitive phosphor plates. Digital autoradiography was performed using a Fuji BAS 5000 phosphorimager (Fuji, Tokyo, Japan) and phosphor plates with a resolution of ϳ100 m, as described previously (Gambhir et al., 1998) .
Immunohistochemistr y. Cryosections from the same region of the brain were labeled with tau (AT8, serine 202 phosphotau; Innogenetiks, Ghent, Belgium) and A␤ (10G4, A␤(1-15)) (Yang et al., 1994) antibodies. The 100-m-thick cryosections were incubated with AT8 and 10G4 at 1:800, and the immunostaining was developed with a Vectastain Elite avidinbiotin complex kit (Vector Laboratories) using peroxidase and diaminobenzidine (DAB) detection.
RESULTS

Binding specificity for SPs and NFTs as demonstrated by confocal fluorescence microscopy
AD brain specimens, which were stained with FDDNP and FENE, revealed not only an intense labeling of dense core and diffuse plaques but also a fainter labeling of NFTs (Fig. 1 A) . Minimal background staining was observed in either white or gray matter, and no other pathology was appreciably labeled. Lipofuscin fluorescence, which was observed in all stained tissue, was shown to be attributable to lipofuscin autofluorescence and not to probe labeling. Observations of tissue with no probe staining showed lipofuscin autofluorescence. Tissue stained with either probe had an absence of lipofuscin fluorescence when lipofuscin autofluorescence was quenched with CuCl 2 (Schnell et al., 1999) .
Fluorescence titrations reveal two classes of binding sites to A␤ fibrils
An enhanced fluorescence emission was observed when the A␤(1-40) fibrils were titrated with FDDNP and FENE compared with titrations without fibrils in PBS (Fig. 1 B) . The spectral change, which was unique to the presence of fibrils, allowed for the distinction of two kinetically distinguishable binding sites in A␤(1-40) fibrils (Fig. 1C,D) . The high-affinity binding sites of the A␤(1-40) fibrils for FDDNP and FENE yielded apparent K d values of 0.12 and 0.16 nM, respectively (Table 1 ). The apparent K d values for the low-affinity binding sites in the A␤(1-40) fibrils for FDDNP and FENE were 1.86 and 71.2 nM, respectively (Table 1) . The optimal ethanol concentration of the binding solution was 0.25% (v/v). Higher concentrations of ethanol produced an underestimation of binding affinities. Radioactive binding assays also yielded somewhat lowered binding affinities compared with values from fluorescence binding determinations because of the mechanical separation of free probes from fibrilbound probes by filtration and buffer washes (Bolger et al., 1998) . Moreover, efficient mechanical separations (e.g., filtration) require increased alcohol levels (e.g., 1% instead of 0.25%), further affecting the binding determination. For example, the apparent
18 F]FENE in 1% ethanol, as opposed to 0.25%, were 9.50 and 90.8 nM for the high-and low-affinity binding sites, respectively.
Autoradiograms reveal specific binding to areas of SPs and NFTs
Digital autoradiography of AD brain specimens using [
18 F]-FDDNP and [
18 F]FENE (Fig. 2 A,C) revealed binding of both probes in the temporal and parietal cortices, matching the immunohistochemistry of nearby adjacent slices (Fig. 2 E) . Confocal fluorescence microscopy revealed that the pattern in the autoradiograms and immunostained tissue originated from SPs and NFTs. In the case of both probes, control brain tissue revealed nonspecific binding (Fig. 2 B,D) . 
DISCUSSION
Fluorescence binding determinations are a powerful quantitative tool to determine the binding affinity of probes to SPs (Kuner et al., 2000) and a wide variety of other macromolecules (Eftink, 1997) . Besides the apparent benefit of eliminating the use of radioisotopes, another practical consideration is the use of less synthetic fibrils (e.g., 120 g of A␤(1-40)/triplicate) with fluorescence titrations compared with the traditional radioactive binding assays that use Ͼ1 mg of peptide for triplicate results at a cost of ϳ$250 per milligram of peptide. Methodologically, the fluorescence titration does not involve the mechanical separation of free probes from fibril-bound probes by filtration and buffer washes, thus avoiding perturbations of the binding equilibrium between the probes and binding sites on the fibrils (Bolger et al., 1998) .
Fluorescence enhancement was analyzed using a modified method originally developed for DNA-fluorophore interactions (Oster, 1951) . Equation 2 is suitable for the analysis of FDDNP and FENE binding to A␤(1-40) fibrils because of the utility of the original equation for probe binding to heterogeneous binding sites (Blake and Peacocke, 1968) . Unlike other analyses of fluorescence enhancement of protein-binding dyes, Equation 2 does not include assumptions of the maximum number of probes bound per protein nor does it exclude low-affinity binding sites in relating fluorescence enhancement with the fraction of bound probe (Athar et al., 1999; Petersen et al., 2000) .
The fluorescence enhancement observed with FDDNP and FENE bound to A␤(1-40) fibrils indicates probe binding to hydrophobic surface clefts. The absence of significant metachromic shifts accompanying the binding of the probes suggests that the probes bound to the fibrils are not entirely shielded from the aqueous environment (Jacobson et al., 1996) . The low number of total binding sites per A␤(1-40) peptide (Table 1) indicates a macromolecular conformation of fibrils that leads to probebinding sites instead of specific probe interactions with individual A␤(1-40) peptides. The structural similarity of FDDNP and FENE and similar K d values for the high-affinity binding sites of both probes suggest that they might bind to similar sites. Additional work, specifically competitive binding assays, is necessary to determine whether the probes share the same binding sites with each other, as well as with other amyloid dyes (e.g., Congo Red, Chrysamine G, Thioflavine T).
The apparent K d values for FDDNP and FENE in the low nanomolar range (Table 1) are consistent with the specific labeling of SPs, as is microscopically evident by the confocal fluorescence images (Fig. 1 A) and the gross pattern of binding observed with the digital autoradiography and immunostaining (Fig.  2 A,C,E) . It should be understood, however, that SPs are characteristically heterogeneous, consisting of cellular products other than A␤ peptides (Dickson, 1997) . FDDNP and FENE binding to SPs as well as NFTs in AD brain specimens was highly specific. The fluorescence of lipofuscins, which were observed in tissue stained by both probes, was determined to be attributable to lipofuscin autofluorescence and not to labeling by either probe.
The high hydrophobicity and, in particular, the apparent K d values in the low nanomolar range of [ D) showing oblique, 100-m-thick cryosections through the hippocampus and temporal lobe of an AD patient (A, C) and a control subject (B, D) are shown. Autoradiograms of control cryosections revealed uniform, nonspecific binding of each probe at a level similar to the nonspecific binding of each probe in the white matter of AD cryosections. E, A cryosection ϳ1.4 mm inferior to the above autoradiograms from the same region of the brain was labeled with tau (AT8, serine, 202 phosphotau) and A␤ (10G4, A␤(1-15)) antibodies. When examined microscopically, the gross pattern of brown DAB deposition representing tau plus A␤ immunoreactivity stemmed entirely from authentic plaque and tau (tangles, curly fibers, and dystrophic neurites) staining.
